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INTRODUCTION

This report presents the resul;s of an analytical study for predicting nuclear blast wave propagation
in air entrainment systems of hardened facilities. This is the final report of the study, and the information that
is presented supplements the initial report titled Shock Wave Propagation Through Air Entrainment Systems-
Phase I 1 * The analytical approach to the problem is discussed in the initial report with preliminary results
from two computer codes. These initial computer codes differed basically in .he finite-diffmrence method that
was utilized for solution of the fundamental gas dynamics partial differential equations. One code used the
pseudo-viscosity nm'thod 121 in a Lagrange formulation, and the other used a modified Lax-Wendroff two-step
(21 from S. Burscin 13.41 in an Fulerian formulation. The solutions presented in the init.'! report are for
one-dimensional shock wave propagation in a constant area duct with the effec:s of viscosity at the duct wall -
included.

Sinre the initial report was issued, the comt~puter codes h.ive been modified considerably. The lagr-.nge
computer code has been altered to include a variable cross-sectional area capability and wave propagation through
a junction of three ducts. The Fulerian computer code has been changed to the original Lax-Wendroff two-step
scheme. A modification has also been made to the Eulerian code to include pseudo-viscosity in the finite-
difference equations for improved stability characteristics as recommended in Reicrences 2 and 4. Bloth
computer codes have been refined.

Folktwing is a description of the Lagrange and Eulerian computer codes. including the background
for the finite-difference equation theory and input and output formats. The veroon of the Eulerian code
is for shock propagation with maximum air temperatures of 1,OOM'K. The Lagrange code, however. includes
equations of state that are appropriate for air temperatres up to 24.OOO"K and can be used for nuclear blast
wave calculations.

LAGRANGE COMPUTER CODE DESCRIPTION

The Lagrange compuier code is a one-dimensional variable area codc which, icludes viscous effects
(at a wall). The code is suitable for computation of time-dependent flows, including normal shock w,-ves, in
a single duct in which the cross-sectional area is either constant or variable. Figure I, •nd in the multiple duct
configuration shown in lFigure 2. The basic equations and finite-difference equations used differ from those
given in Reference I due to the inclusion of %.iriablo cross-sectional area. Two types of boundary conditions
can be specified at the duct system inlet: a side-on type entrance with a surface shock wave specified that
passes over the entrance (see Figure 1), (or simulation of a shock wave originating at the duct inlet. In both
cases the shock wave can be of constant strength or a wave with etponential pressure decay behind the shock
front. For the configuration of Figure 2, a nuclear wave can be specified on the surface. The boundary condi-
tion at the exit of a duct is specified as a rigid wall except at a T-junction.

"Numbers in brackets refer to References.
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Figure 2. 'ypical air entrainment system.

Basic Equations

The basic differential equations are written in the Lagrange formulation with the Lagrange variable
defined as

Sd,m ,, f " dx 1|)

where A is the duct cross-sectional area, V is the volume per unit mnass, and x is the Eulerian distance coordinate.
The area A is considered a function of x. A relationship for V follows from Equation I that has the form

axV - A T- (2)am

The above equation with the definition for the velocity in Lagrange coordinates, u = ax/at, yields the equation
for conservation of mass, including variable area, as

av au uV dA\

at a. A dx



The inclusion of variable area does not alter the form of either the momentum equation or the energy

equation. These equations are. therefore. the same as for a constant area duct, a:. gi,.en in Reference I.
The mom.-ntum equation is

-- V - f ul.i (4)

and the energy equation is

-u f 2 u1 (5)7-; . - p -& * i u2;l(

where p is the pressure, c the internail energy per unit mass, f a wall friction coefficient, and I) the ,luct
diameter. The syvs-em of equations is completed by the equation (f state that, for the analysis presented here.
takee the form

eu-fŽ.•(6)7-I

In the aLove, y is the adiabatic exponent for a real gas. The determination of the value of -y is explained in
the section on equatioas of state. For purposes of computer computation, Equations 2, 4, 5, and 6 with the
definition for tee velocity u are written in fin:te-difference form, utilizing the pseudo-viscosity method i21
of shock wave treatment.

The Finite-Difference Equations

The finite-difference equations for the variablc area computer code differ slight!y from those for the
constant area code reported in Reference I. The system of equations for the variable area case is given below.

In these equations superscripts represent time increments and subscripts rcpresnt space increments, so that
u" denotes the velocity of the j grid point of the finite-difference mesh at the n~h time increment. Frac-

tional space increments represent centered or mesh midpoint values as ..hown in FiL'u,. i. T.*- finite-difference
equations arc:

UP+11/2" u t "+11~22(m_!, P~IzPjn2 ... a. 2" f Atn* 112 un up P P 1 (7a)[2I mPj._112  1j + 1 )]

uflI/ up + In I pn+1/

I!1+112 -_ A ~ unuP (70)
i÷u n u !÷'1 1 2 (1b )

(jl2n ' :(J m, J- 2 A;.1 1
' (7e)
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J-/' " 7"-I
, P+ 1 PJ' / Jnl n- 112(7

tcpll + , plji2 j|1 (7g)

In the above q is the artificial viscosity and P p +q. "lhe time step .1t" 1/2 is the average of previously
and newly calculatred time steps, with At'"" being the newly calculated time step. The symbols at and a,
are constants.

The stability criterion that must be satisfied for the finite-difference equations to be stable is:

c, A t 0, ,a ) a 2 A V 1 \
cAt

Tim Boundarv Conditions

Inlet loundwry Conditions. In the Lagrtnge code two types of duct inlet boundary conditions can
be specified: a side-on type entrance or simulation of a shock wave originating at a duct ,nkr. In a Lagrange
formulation it is only necessary to specify the pressure at the duct inlet and the initial state of the gas in the
duct to produce a shock wave in the duct. Values of other parameters, such as velocity, density, and internal
rnergv behind the shock wave, are determined by the conservation equations and equation of state. Since

the zrnes of the finite-difference grid are not stat innar' in this formulation, a new zone needs to be established
periodically at the duct entrance to allow for mass inflow. In establishing this new zone two state parameters

have to be specitied; in this ca- the state parameters used are the pressure and internal energy. When a shock
wave of constant strengh is established at the duct entrance, the internal energy and pressure for a new zone
is determined uniquely by the shock Mach numbtr. With the inlet shock Mach number specified, the initial
inlet p-essure is determined from the relation

p(0.O) = 41 + 112) A2
-

where pO,0) = pressure at x = 0 for t = 0.

M .= shock Mach number

Pa = ambient pressure
it 2 = (-/ I)/(-"+ I)

When specifying a s. ck of constant strength, Fquation 9 is used for t > 0.
For shock waves with pressure decay following -he shock front the duct inlet pressure for r > 0 is

anproximated by,

p(O, t) = Pa + (p(O,0) - pa eIt (1(O)

where tj is the initial slope time intercept for the wave. This simple form for the inlet pressure is adequate

for simulating shock waves that do not have a significant negative pressure phase, e.g., TNT blast waves
o'tside of the fireball region 151 and experimental shock tube wives after rarefaction catchup has occurred

6



11, 61. To simulate nuclear blast waves where a significant negative pressure phase occurs Equation 10 is
replaced by more appropriate! relationships such as are given in Reference 7. These relatiant-hips for a
surface wave that are used in side-on entrance caiculations are given below:

P, a P * P (A * A2 l2? A3 h (I " ) (0)

where r = (t- Q/)/

t, a shock arrival time

DD a duration of positive pressure phase

p.w a shuck peak overpressure at t a t,

The quantities A, A2 , AS, bi, b2 , and b 3 are constants for which values are given in Reference 7 for a I-Mt
nuclear burst. In addition to a relationship fo, *he surface pressure. p,. reiatidwnshipq for the dynamic pressure,
Q, and temperature, .,, are required.

(., Qs.(A. + ÷ Ae" .'(I - )2 (12)

T (-tT.). (

where w a (t - ts)lD*,

Du a duration of positive velocity phase

%0 a peak dynamic pressure at t - ts

T,. a chock temperature at t - t.

The quantities A4 , AS, b4, b5, and b. are constants for which values are given in Reference 7. Equations 11,
12, and 13 completely define the surface conditions in the air above an inlet from which other variables can
be obtained. The total enthalpy is required for side-on entrance simulation and is defined as

PS I
hts = es +-Ps + " u 2  

(14)
p, 2

The density p, is computed using Eiquations I I and 13, and the equation of state,

PSP PI (15)Zs R T,

The parameter Z, is a function of temperature and density and is determined as explained in the section on
equations of state. The internal energy. cc, is determined from

PS
S - 1) (16)

7,(f



where "y,. is also a function of temperature and density. The particle velocity, u., is computed using
Equation 12 and the definition

2Q~ (17)
Pps

Simulation of a side-on type entrance is achieved by using Equations 9 and 1t or 11 to compute the
surface pressure, p., (poirnt s on .i,ýure 2) and then calculating the duct inlet pressure (point C on Figure 2)
from the empirical relation,

P - = 11, + 1).% 9 (p" - pa)0 "8 0 4  (18)

The above relationship was obtained from data in Reference 8. (In the computer program Equation 18 is
input in table form.) When a new zone is formed at the duct entrance, the internal energy of the new
zone is determined by assuming the total enthalpy at points s and e are equal. This assumption yields,

a0 I,,,I,

where h,, is the total enthalpy at point s. The equation of state has been used in obtaining Equation 19. The
value of his is known since values for all shock parameters are known at point s; it is given by Equation 14.
The value of u, is, however, unknown and is approximated by the value calculated during the previous time
cycle. An iteration technique could be used to improve the value for ue, but a comparison of computed results
with experimental data showed this to be unnecessary (Referenct 1). The pressure in the new zone is initially
assumed as the mean between the inlet pressure. P., and the pressure in the second zone. The pressure, internal
energy. and velocity completely define the initial state for the new zone. This approximate method for estab-
lishing a new inlet zone to a'llow mass inflow yields a result for the shock peak pressure that is approximately
5"1. high and a shock speed that is approximately 2% high. Rezoning methods will be discussed in more
detail in a separate section below.

Some discussion is in order concerning the appropriateness of Equation 18 in defining the flow losses
at the duct inlet. Equation 18 defines the static pressure change through the inlet and agrees essentially with
data from other sources thaai BRI.. e.g.. TRW Systems investigation, IITR1 investigation, and the B.E.L. Deckler

and D. II. Male investigation, References 9, 10, and 11, respectively. Using the second law of thermodynamics
an e'xpression characterizing the inlet loss can be derived if y and Z are assumed constant from point s to point
c (.;gure 2). This loss is measured by the entropy change and is given by

e- S_ ZRIn[ Iy-1) (20)
I(•Ps \P! )Ip

shere S, and S. are the entropy at point s and point e, respectively, and Z and -y are the values at point s. An
ý:!tcrnate form for Equation 20 in terms of the stagnation pressur-s at points s and e is

Se- S = ZRln(In'( (21)

8



Examination of Equations 20 and 21 clearly shows that the flow loss through an inlet or junction is determined
solely by the stagnation pressure change; specification of static pressure change only, as by Equation 18, neglects
the density change effects. For cons(ln' normal sh,,.k waves specification (of the static pressure above is correct
since all other parameters, such as density and stagnation pressure. are determined uniquely from the static
pressure behind the shock wave. ilowever, for shock waves that have a rarefaction behind the shock surface
or in which the air behind the shock surface is heated by radiation. e.g., a nuclear wave. the deiisity change
should be included as indicatti in Equation 20. Data currently available do not allow for inclusion of density
effects except for a limited amount of data in Reference 9. To specify the losses at an inlet more accurately
than is done by Equation 18 additional data are required in which the surface density (or a related state variable
such as temperature) is varied independently of the surface pressure.

T-Junction Boundary Condition. The T-junction (Figures 2 and 4) for the Lagrange coordinate system
is considered as three separate ducts joined through appropriate boundary conditions at the end of each duct.
The finite-difference grid in each of the ducts is moving, which requires the boundary zones to be modified at
each calculation cycle. For example, with the shock wave moving down duct I into ducts 2 and 3, as shown in
Figure 4. the boundary zone of duct I is moving into the junction. and the boundary zones of ducts 2 and 3
are moving away from the junction; this requires the mass to be removed from the duct I boundary zone and
added to the boundary zones of ducts 2 and 3. This boundary zone modification (changing the mass of the
zone) is done in a manner that satisfies conservation of miss. In addition to conservation of mass, the conserva-

tion of energy and the flow losses through the junction are also considered. Conservation of energy is provided
by assuming a quasi-steady state flow exists which allows use of a constant total enthalpy; this is the same

method previously described that is used in determining flow through a duct inlet. The flow losses through
the junction are determined from experimental data (Reference 8).

The computation procedure used at the T-junction is an iterative one. A value for the static pressure

at the exit to duct ., P4,N in Figure 4. is determined during each calculation cycle, which allows satisfaction
of the following conservation of mass relations:

a Am, + Am 2 + Am3

(22)

16"1 < mn x I"?

where Am,, Am 2 , and Am3 are the changes in the mass of the boundary zones of ducts 1, 2. and 3 during the

n time cycle. respectively, and m" is the total mass of the boundary zone of duct 1. Through an iteration
procedure the deviation of S' from zero is determined to within a small bound. The following auxiliary
relationships, in finite-difference form, are used to determine Am,.

Am, -A. p''-,1 2 (xn" - L.) (23a)

,N + At"* I unIN (236)

n. l2 u" Un n'
2

an (230
UI.N a ,N +I.N(2)

"n~~ =2tP? -IZ" Pn''

a,N 2A, 1,N71/2 - 1. (23d)

9
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Figure 4. T-junction finite-difference grid notation.

"/ n I n+A
XIN - XIIN, _IA(3I. -z " 'A 1  (23e)

,N-I 2 n (23f)

l, N-/12

In the above, L, is the length of duct 1, A, is the cross-sectional area of the b•.in-jiary zone, and other

symbols are as previously defined. The acce!eration cf the Nrh interface of duct I at the nth calculation
cycle (or nth time step) is represented by anlN.

10



The inlet pressures to ducts 2 and 3, p2, I and p', 1, respectively, are determined from the exit

pressure of duct I through the data of Reference 8. Losses are accounted for in the same manner as

previously discussed for the inlet simulation of duct I, i.e.. through change in static pre~sure following
a normal shock wave propagating through the junction. The pressures p"2.1 and pn.t depend uzpon n
through relationships similar to Equation INI but with different empirical constants. (in the computer
program these relationships are input in table form.) The mass transferred from duct I to duct 2. Am 2 ,

is determined in terms of pn, , (and, therefore, in terms of p'*. N implicitly) by the relationships given below.
The mass transferred to duct 3, Am 3, is determined by relationships of iJenticul fornm but with p3. , in place
of pn, and index 2 rep'aced by 3 in other appropriate symbols.

AM2  A3 2n* xn+1 (24a)
13"'/"2 2 x2,

,n.t a An IgI un.til2 (24h)
a2. 1  42 , 1 ". u2.1(

Un.12 * U Int1l2 an2.1 - 2.1 2.1 f24

( 2,1 2 - "2, 1
2.1 2A m A2  (24d)

ml 
/

, * 
(24f)ranl

2.312

In the above, A., is the cross-sectional area of the boundary zone of duct 2. X2" is determined using
Equation 7b, and Pa,32 represents P2,32 + qn2,,1 Utilizing Equations 23, 24, and the equivalent of
Equations 24a through 24f for Am 3, Equation 22 ii satisfied by iteration of the pressure P.N for each
calculation cycle.

Since mass is added to the boundtary zones of ducts 2 and 3 from duct 1, the mass of the three
zones involved is adjusted at each calculation cycle. In addition, the internal energy and static pressure of
the boundary zones of ducts 2 and 3 are adjusted to account for effects of the internal energy of( the added
mass. Assuming quasi-steady state flow, and therefore, constant total enthalpy, and using a mass weighted
averaging method yields the following relationships for the adjusted variables.

£n+I nI,-II2 - elN-if2 (25a)

n+1

P1, -nl ,N-l 2 uh'"'I" 17.N-1/2 -.÷ + ("25b,) at,

I, N-II12

11
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2 na P : - ± ((25c)
nSe'I, 2 \ u., 2I

P33 2

Ac3~ ~ ~ 4 31 J,1  2 l~)(

P3, 31 2

I ", + 'mI

m;÷I m= fi" AM2  (25f)

m" a - m + Am 3  (25g)

n -Am A(25h)£. U "\'"2. 2 2 " m•'3

Fin C"," Am L (2IIW
£3, 312 , .n 31, - mn÷

n#1 n+1
. PI.N-2 I/2 (25j)

.,nI, (. I)n+1 n.I(2k
2. - '2.3/2 PZ,N3/2

nfll n( 
k

,3,32 3/ - I 32 P 3 ,3/2 (251)

n1 n*1 no-t n+1 n+1
"rhe barred quantities are adjusted variables, ind values for P€,,:/2 , C ,LN,,2 P2.312, "2.3/2' P3.12 and

c,312 arc determined from Equations 7c and 7f. Values for other variables are obtained from Equations 23 and 24.

The mas% of the boundary zone of duct I increases and the mass (of the boundary zones of ducts 2

and 3 dcer'ase. Therefore, a limit has to be set on the change in the mass of these zones. A rezoning method

is used that merges the boundary zone of duct I with the adjacent zone when the boundary zone mass

becomes one half of its original (cycle 1) value. The boundary zones of ducts 2 and 3 are divided into two

/ones s if equal mass when their mass becomes double the ,•riginal (cycle I ) value. This rezoning method will

he discussed in more detail in the section on duct rezoning.

Equations 23 through 25 are restricted in use to the flow and shock wave directions shown in

l.igure 4. i.e.. flow from duct I into duets 2 and 3. This is the initial flow pattern for a shock propagating

into the system inlet. Shock reflec:tions from the debris pit end and/or the blast valve (Figure 2) can cause

the flow directions to change. The computer code subroutine is written for the case given in detail above,

;Ind. therefore, computations ,.iil terminate when a reflected shock wave arrives at the T-junction. Subrou-

tines can, howemer. easily be a:ded to the computer code to compute propagation of reflected shock waves

through this junction since tht computation method is similar to the case given here; only the directions of

mass transfer anti flow loss relationships change. The main limitation this restriction places on the use of the

computer code in its present form is the ability to compute long er,,ugh in time to allow flow reversal in both
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the duct to the debris pit and the duct to the blast valve. For example, if the blast valve duct is long compared
to the debris pit duct, a reflected shock wave from the debris pit could arrive at the T-junction before the shock
wave in the blast valve duct arrives at the valve. This limitation is overcome by computing two geometries, the
desired geometry to obtain the debris pit solution and a second geometry that replaces the debris duct with a
very long constant area duct to obtain the biast valve duct solution. This method is relatively accurate since
the debris pit flow does not si;nificantly affect the flow in the blast valve duct until a reflected shock arrives
at the T-junction (see Results Section). In this manner the primary problem is solved which is the temperature
and pressure distribution in the ducting system up to the time flow reversal occurs at the blast valve.

Duct Exit Hkmndary Conditions. The boundary condition at the exit end of ducts 2 and 3 is considered
a closed-end condition. In finite-difference form the boundary conditions are written,

ai, a- 0 (26.)

3.4- ( 26b)

where an and a0. N are the accelerations of the Nth or last interface of ducts 2 and 3, respectively.

The Finite-Difference Grid Rezoning Methods

Changing the finite-difference grid in each duct by adding or combining zones and renumbering the
grid system-denoted rezoning-is required periodically during a calculation to allow mass flow into or out of
a duct. For the configuration of Figure 2 rezoning is required for calculating mass flow into duct I and also
through the T-junction. Another type of rezoning that is employed in the Lagrange computer code is the
removal of excessively compressed zones by combining these zones with an adjacent zone. This is necessary
to control the minimum size of the time .tep. which is determined for each calculation cycle by the smallest
zone.

Inlet Duct Rezoning. At the inlet of duct I a new boundary -!one is established whenever the first
interface has moved a distance equivalent to the mass of the initial boundary zone. To establish this zone
the state of the gas at the zone center, the velocity of the zone interface, and the zone size have to be specified.
The zone mass is determined from the gas state and zone size, and the acceleration of the interface is deter-
mined from the zone pressure with adjacent zone pressures. The specification of initial values for these
quantities is necessarily approximate, however, test calculations with the computer code show that rezoning
causes the shock pressure to be within 5% of the correct value. The computed shock pre-sure is always above
the correct value, yielding a conservative answer.

The basic assumptions that are made to establish the initial vdlues for the new zone parameters are,
referring to Figure 3, a =(I and m3/ 1 /2 . Neglecting the friction term (which is small) in the first part

of Equation 7a and using the following relationship for the acceleration of the boundary interface,

at 431) 27
a " .~I2/ A,\(7

yields the relationship

3/2z s P73/2 (28s)
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(28b

Again, ~I2- P12 * q'. 12 . The albve-nnentioned assumptions. therefore, imply that the acceleration of
the bomndary interface does not change when a new boundary /one is created. Of several rezoning methods
tested !he above yielded the most accurate results.

The criterion for establishment of the new boundary tone is

'•o ;0 n• (g
1 (29)

2m3IZ r ' -) n

w h ere x() A , + 3"

4' " Hht, - ( •" ](31) 2/

and h,, is given by Equation 14.
The initial values of paramete for the new boundary zone of duct I hawed on Equations 2H are as

follows:

Ig (32a)

I , (32b)

'L~ ( 1
31 n .( p +.32 (320)

-SI P732 (32d)

e 'n4 (32e)

13,n (32f)

Am.2 =-(32g)

Y3, 2

When initial values have been estab;lishcd for the new zone parameters, all the zones of the finite-difference
grid are renumbered tof include this additiofl~ zone.

T-Junction Rczoning. Since mass is flowing through the T-junction, the boundary zones at this
junction change mass with each calculation cycle. The exit boundary zone of duct 1 decreases in mase, and
the entrance boundary zones of ducts 2 and 3 increase in mass. This change in zone mass eventually requires
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that the boundary zones be altered. The pro.edurc that is used in the computer code is similar to the duct I
inlet rezoning ,.-scribed above, i.e., a new zone is established periodically, and the finite-difference grid renum-
bered accordiuigly. The exit boundary zone of duct I is combined with its adjacent zone to form a new
boundary zorne when its mass becomes one half of its original mass. The inlet boundary zmes of ducts 2
and 3 are split to form two zones when their mass becomes double the original mass.

The criterion for establishment of a new exit zone for duct I is

.,, m.,z (33)

where mN.Iiuz represents the zone mass at time zero. The relationships for establishing values of parameters
for the new zone are given below.

ED-,, M-112 * aR-/ m-1
-.. -,-. 3 1 . ÷, I-z m-(34a)

SH-/I.2 - mN..!. 2 + mN-31/2 (34c)

N (34d)

i . N (34e)

A, (X; -
."NI/2 .... XN (34f)

- _mN-t/2

nL - / . ..... .. (34 S)
-N112

In the above. , etc., represents the new zone value.

The criterion for establishment of a new entrance zone for duct 2 or 3 is

m3 12 > 2m~1 2  (35)

where m3/ 2 represents the zero time value. The relationships for establishing the two new entrance zones are

as follows.

S- x' (36s)

n a u(36b)
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a . (36d)

2 m3 i2  
(36e)

Sj-,iz " 3/ 2  (36r)

!2j/2 o n31, (36i)

!"312 = CP7/2 06

_ (7/ ) /z (36k)

,. / . . ... . (36m)

2;,

Vn

.m/2 2 +- /a (36h)

f3 = .2 q3/2

E7/2" tn2 -x "fx/2) (36n,

3s/2

V;/ - If•, (3;6n)

f52- "1 -. 3/2 (36p)

lI;cs• relationshlips aipplv to establishing new zo)nes at the entrance of both dlicts 2 anid 3.

Rezoning to Reduce Running Time. To aid in reducing c'':.putcr running time it is expedient to
avoid /ones becoming excessively compressed. The calculation time step is based upon the smailest or most
highly compressed zone. When the time step becomes too small, it is. therefore, necessary to rermove the
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smallest zone (the zone upon which the time step is based) by combining this zone with in adjac!nt zone. A
criterion for removal of the small zone is established, and relationships for combining tl.is zone with an adjacent
zone ar formulated.

The criterion for removal of an excessively compressed zone is

At Ato (37)
"2

where Ate is the initial or zero time value of Atn* 112. The relationships to establish a new zone comprised
of the zone being removed and an adjacent zone, with xj" the location of interface between the zones, are:

n Xn~ (38a)

.j -(38,)

.L'J-mI2 - m /2..11  * m J., z (384)

--MJ- 112

n'n n/ mj Ij-/Z

(3n)n P.-112 mJ-II2 ÷ Pj~lt2 j~illz (38f)

DJ-1/2

- + '(q n 112) (38%)

In+ n Jn-n (38h)

The quantitiesx, aj'. etc., represent values of parameters for the newly created zone, and AP is the cross-sectional
area at the interface of the zones being combined. A zone is removed whenever the minimum time step,based on that zone becomes smal'cr than one half the value of at"+ 1/2 at time zero as expressed by Equation 37.

The Equation of State Options

Two equations of state subroutines are available i' the Lagrange computer code: (a) the equation of
state for an ideal gas that is accurate for temperatures up to 1,0000 K, and (b) a real gas equation of state that
is accurate for temperatures up to 24,OO0 °K. The basic theory upon which these subroutines are based is given
below.

17



Tte Perfect Gis Equation of State. The equation of state for an ideal gas can be written in the form:

It T
Pu(39)

where p is the pressure, R the particulir gas constant, T the absoilute temperature. and V the specific volume.
lIecause of the computational advaintages offered by5 the use iif Eq(uationf 39, most problems of shock trans-;
mission thraldgh gases are' solvedI wing the ideal gas law. Moreover, the ideal gas law yields simple analytical
relaltionships lietsseen the various %hock Parameters. The thermally and C2loric..llv perfect gas is, however,
in ide~alization, And rral gas,.-, depending on their temperature and pressure. will deviate from it to a
svarstng degree. It hias lieen noted (iofl experience (References 12 ane 13) that the ideal gas law predicts
the %hock flit)% parameters %sitlh good accuracy up to temperature% of I ,(HI(I"K, I lowever, at higher temper"
atures. the numbecr i - particles per unit mass, and. henice, the average molecular weight oif the gas may change
dlue too moleculardsissoci.itio n. chemical re-ictions. and ionization. Thus, when computing flow paralmeters
lor shockso through gawsesri high temperatures andi moderately high pressures, the tdeal gas equation must lhe
mo dified ito incli~de thle c nit ribu t iiins by additional degrees of freedom to the energy of the gas molecules
thiat were not excited at low temperatures.

The Real Gas Faustion of State. T'he transhitiiinal and rotational degrees oif freedom oif molecules
are exetcite at %vry low~~ temperatures up to the order oif IfihiK, whereas the molecular vibrations absent in mono-
tonic gases ire fulh% c~citcd at mnuch higher temperatures of( 

tlie order of 2.2 'tiiK for 02, and 3,340oK for Nz.
I1 he contrtibui~in lby the vib~rationial excitatioii at lower temperatures can lie computed by the method of
poirtit iins ilescrtlied if, Reference 12. Thus, for a diatonic gas with no molecular dissociation and ioniz:ationi
piresent. ), the .adialo.itiv exponent. is 7/5 with unexcited vibrational mode, whilt: with fully, excited molecular
viliratiorins ý i 1/7. 1-oi nir.onotonic gas 'Y holds a constant value oif 513.

It shoutld lie %titeid here that the temperature range for which the molecular vitoirtioni; stay fu~ll%,
excitedf is not ver\ sside. This is liveause the molecular dissociation and chermiial reactions frequently begin
at teniperatures ait which the molecular vibirations contribution to internal energy reaches its classical limiting
value. .\I temnprritures iiithe o-rder of several thousand degrees ( 3.04)"10 K). the molecules (if diatonic gases
disociate intoi .tiims. [he process iif dissociatiiin oif a mol--cule requires a large amount of energy, thus
.Affecttng the thermiid\ naimic pro~perties (of the g:ises appreciably. At standard atmospheric destmolecular
dissociatiiin in air is; noititce-ifle at 2.9mo"i (fue primarily to breaking up (if the 0I, moilecule. The internal
energy (if aI prt ially' di~ssociateid gis is the sum of the energy of the tindissociAted molecules, the energy
c,vntiineil in dilssdiiated atiims, anti the energy required to dissociate unexcited molecules. Biecause of the
high energy req~uireiltiei dissociate *I molecule into its atomns, the energy of dissociated gas, even for small
degrees oil dissiiiatiain. is verty much greater than thit in the absence oif djissoiciatioin. For monon~tonic gases
effects (file to moi lecular dissociation are abisent.

Another (actoir thiat changtes the thermodynamic ptoii(wrtics oif a mixture (if gases. such as air at high
temperatures. is the oiccurrence oif chemical reactioins bietween its constituents. Air at temperatures above
1.4INS qi: undergoes. oxidation of at portion (if its nitroigen to fiirm nitric oxide. Thii% is a reversible reaction

.and~ requires a high activation energy (21.4 kcal/mole). The time to itttain equilibirium is %,cr high at temper-
at ures b~eliiw 1,50(1' K: h,,wever. at tempreratures of the order oif 3.00(it K aind abiove the ch-mical equilibrium
is reached in Ill' 4 seconds oir less. In other words, the chemical compoisit ion (if air around 3,.t)J0oK and abiove
ci-ntains nitric oixidle as iine oif its componenits, which changes5 the thermodynamic properties of air somewshat.

Next, ioinizatioin of atoms or molecules of gases in air begins around t4.o0if"K. -rle degree of toniva-
tion increases with tempcraitiirt. When the air temperature is of the oirder (if 30,0001 K. ill oif its atoims are
sin -tly ionized. At temperature% abiive 3(i,00011K. the air undergoes sect-nil followed lby third ionization
processes. Since this investigation (leals with air temperatures of 24.(i0it)K and below, only first ionization
of air pairticles will lie considlered here. Unlike moilecular dissociation. the internal energy of the ionized gas
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is a sum of the thermal energy of its particles (atoms, ions, and electrons) and the energy aequired to remove
electrons from the atoms and ions. The internal energy of a partially ionized gas. therefore. will be the energy
of the ionized and unionized gas particles.

To examine the behavior of thermodynamic properties ef air with tempexrature, three of its primary
properties, i.e.. the dimensionless internal energy (e/R T). enthralpy (h/R T). and the adiabatic exponent (O),
were obtained from the data given in Reference 13. T"hese parameters were obtained between a temperature
range of 300 and 24,t00u°K. A tabuhtien of the data at two different densities, namely, at the standard air
density (p. a 0.00)1293 gm/cm 3) and at 1/10 of the standard density, is given in Table 1. The variation of
the parameters e/R T and h/R T with temperature is shown by the curve% of Figure 5. The temperature lines
at which the contributions by various degrees of freedom become accountable arc clearly marked on the
curves. It is obvious from Table 1 and from the curves that the energy functions e/R T and h/R T undergo
a wide variation as the air temperature increases from 300 to 24,(M0NnK. Correspondingly, the adiabatic
exponent. -, goes through a wide variation from the classical value of 1.4 at YOX'oK to around 1.1 5 at
10,000uK. Figure 6 shows plots of y versus temperature at the tw'o selected air densities.

Table 1. Thermodynamic Properties of Air (After Reference 13)

Thermodynamic Properties'

Temperature, T At Standard At 1/10 of Standard
(NK) Density, poh lerpsin:" 'o

e/R T h/R T e/R T h/RT T

300 2.5 3.5 1.4 2.5 3.5 1.40W4)

1,(0X0 2.630 3.63 1.38 2.63 3.63 1.3800

2,00X1 2.962 3.963 1.3378 2.966 3.967 1.3375

3,0M0 3.395 4.402 1.2967 3.677 4.699 1.2781)

4,0M0 4.345 5.408 1.2447 5.311 6.445 1.2135

5.0SA 5.138 6.283 1.2290 5.746 6.945 1.2087

6,000 5.502 6.700 1.2178 6.517 7.784 1.1944

7,0(9) 6.623 7.533 1.2028 8.732 10.163 1.1639

R,000 7.744 9.144 1.1808 11.67 13.349 1.1439

12,W0o 12.18 14.139 1.1608 13.47 15.531 1.1530

18,0(0 13.04 15.323 1.1751 18.13 20.906 1.1531

24,000 16.09 18.96 1.1781 21.83 25.432 1.1650

ae is the specific internal energy, and h is the specific enthalpy of air.

The adiabatic exponent -y = h/r.
b = 1.293 x 10.3 gm/cm3 .
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Fipure 5. Variation of internaý energy and enthalpy with temperature for air.

In the light of the foregoing discussion it is concluded that the perfect gas equation given in
Equation 39 must he modified for computing the shock flow parameters through high temperature air.
One such modification commonly used is given by 112-151

p Z(p,T) RT (40)
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Figure 6. Variation of the adiabatic exponent with temperature for air.

where Z(p,T) - f(•aa) (41)

a is the degree of molecular dissociation, and ca 1 is the degree of particle ionization. The quantity Z, commonly
known as the "compressibility factor," is a function of pressure and temperature of the gas. At temperatures of
1,XX)0 K or less and moderate pressures the perfect gas equation gives satisfactory results. Thus, Z = 1.0 at
these temperatures and pressures, yielding the perfect gas equation. The quantity Z for air at a given temper-
ature and density is found from standard tables given in References 13 and I5. These are included as Table 2
for easy reference.

The Rankine-Hugoniot Relationships for High Temperature Shock Waves. When moderately high
overpressures and high temperature shocks propagate througýi cold air, the thermodynamic properte-s, such
as ihe internal energy function (e/R T), the enthalpy function (h/R T), and the adiabatic exponent (0 = l/0),
vary nonuniformly with temperature (Figures 5 and 6). The nonuniform variation, as discussed earlier, is
attributed mainly to molecular dissociation and particle ionization. Thus. th! Rank ine-I lugoniot relationships,
because of their dependence upon the above parameters, change in a nonuniform manner. Therefore, it is not
possible to define simple analytical expressions describing the pressure, density, and temperature ratios across
the shock. There are some iterative procedures, which are based upon the tabulated value of the compressibility
factor Z and the adiabatic exponent -, which render semi-analytical expressions for the shock wave parameters

112. 13, 141.
Gilmore I 131 plots the density and temperature ratios (P 2/P1 and T2 /T2 ) across the shock in the

standard flugoniot form. i.e.. against the pressure ratio (P 2 /P, ) for density values behind the shock p2 of 10,
1, I O", 10"2, 10'3, and l0.4 of the standard air density P( = 0.001293 gm/cm"3. Gilmore in his plots defined
suffix I to refer to the quantities ahead of the shock, and suffix 2 was used for quantities behind the shock.
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K-A
The plott, are based upon, a normal shock wave propagating into cold air at a temperature T, of 273.2 0 K. The
plot% also show the variation of the Mach number of shock as

*~ ( 2 /p j)(42)

with the pressure ratio p2/p1. The quantcity us is the speed of the shock, and c1 is the speed of sound in the
cold air. These RAnkine-Ilugoniot plots, which include the real gas effects. are given in Figure 7 for nrnmal
shocks traveling through air at a density of 0.001 293 gm/cm 3.

Computations Using the Real Gas Equation of State. The L agrange conmputer program has ..t
equation of state algorithm built into it. The algorithm based upon a value of the internal energy. e, and
the air density, p. computes the adiabatic exponent, ', from the tabulated values of Gilmore 1131. From
known values of e, p. and -7 the value for the pressure is computed using the relationship

P - pe(7 - 1) (40)

From the known value of p, the algorithm refines the previously calculated 4a21uCS Of e and p for further
computing.

The algorithm has a built in numerical routine to obtain a correct value of air temperature. The
method is based upon computing the air temperature from known p and p using Equation 401. Since the
quantity Z is a function of pressure p and temperature T, calculation of temperature using Equation 401 is.
therefore, an iterative process. The numerical routine performs the required iteration accurately, using
the tabulated values (Tahle 2) of Z given by Giilmore 1131.

100) fy------r--yr--- Tn - r11 ' - I rI I I I
(T2 /TI

0,

.L7

Curves due to(Cilmore (Refereore 13)

0Computed points, Lagrango computer code

to loo1.0010.000
Pressure Ratio Across Shock (P2 /PI)

Figure 7. Rankine-llugoniot curves including real gas effects f() shock wvaves in air.
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Table 2. Values of the Compressibility Factor Z(p.T) (After Reference 13)

Temperature, T t tCompressibility Factor for Densitv Ratio, plpo, of-

(o )10 loll lIf" i0".2 11"j i10.4 10.s I10*6

I,400( I.00M00 I.00410 .I 1.t13( 1.OOMM) 1.0000 oooo 1.o00 <0 ) 1.(HX)<
2.0(N) 1.(N0xl 1.(0N00 1.0001 1.00017 1.0017 1.0055 1.0170 1.0417

3,'oNM 1.(0023 1.0072 1.0218 1.0611 1.1341 1.1912 1.2069 1.2109
4,(100 1.0226 1.0628 1.1341 1.1 M96 1.210)7 1.2282 1.2715 1.3983
5,4Mml 1.0728 1.1448 1.199o 1 .2370 1.3081 1.4835 1.7752 1.9544
6.0400 1.1275 1.1984 1.2669 1.400)1 1.6643 1.9143 1.9864 2.0051

7.0,11 1.1761 !.2699 1.4315 1.7162 1.9384 1.9970 2.0)288 2.1105
8.4MM) 1.2390 1.4001 1.6794 1.9259 2.04)10 2.0487 2.1702 2.50)07

12.4MM) 1.708 1.957 2.062 2.224 2.636 3.365 3.865 3.968
18,'Mt) 2.063 2.284 2.775 3.518 3.910) 3.984 4.078 4.530
24,0MM) 2,.322 2.865 3.6602 3.930 4.143 4.778 1 5.623 5.931

Test "alculations. "1o check the accuracy of the algorithm, four trial runs, using the I.agrange computer
program. for shocks traveling into still air at standard density and temperature through a straight duct were

carried out at pressure ratios of 50:55. 101:77. 542:45, and 20)08:8 across the shock. The computed shock
Mach number. M,, and the density and temperature ratios, p2 /pl and T 2 /T,, across the shock are given in
Tabli 3. These values are also plotted on the Rankinc.I•lugoniot curves of Figure 7 for comparison with

;ilmore's accurate values. It can be seen from Figure 7 that the shock parameters, namely the Mach number,
and the density and temperature ratios across it are computed with good accuracy by the I.agrange cor-puter
program. For completeness, the values of the adiabatic exponent -t and the compressibility factor Z are also
listed in Table 3.

"Tab!e 3. Shock Parameters Computed Using the Real Gas Equation of State"

Prc%%urc Shock I ikn%irv IepruehPrc'urc .y nity 'lmperatu eratur
Behind Math tchnd '02is BeidprBehindatir. Adiahatic CompressibilitvJShoek i Ratio. '~~w, So , 1  Ratio. Sak Ratio.•

Shock. P2 Num'er, Shock, p Shock E.xpo'lent. f F:actor, Z
(psa) P2/Pl M, ucjI (gm/cm- I 2z1 T2 ("K)

743.1 5o.55 6.34 7.447x .140 6.079 2.399 4.32 1.33 I.040

1.496.0 1101.77 9.12 9.1151 x 1073 7.319 3.876 13.4.5 1.28 1.012
7,386.0) 502.45 19.94 1.341 x 10`

2  
101.95 9.351 32.43 1.19 1.41

29.5303.0 2.,(N4.. 39.95 1.399x 0F.2 11.42 22.47(0 77.97 1.19 ?.26

Prc,*urc (pl). temperature (TI). anti Icnitv (Pi) for the undisturbed air are taken a% 14.7 pia.

281.2"K, and 1.225 x 19-3 gm/cm
3
. rcepectivelv.
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KULERIAN COMPUTER CODE DESCRIPTION

The Basic Equations

The Eulerian code computes the flow variables in a duct through which a normal shock wave is
passing. The flow variables are computed as functions of time and position. The shock wave is considered
to be transmitted into the duct by a blast wave passing over the duct entranct The computer code allows
the shock wave to traverse the duct, be reflected from the closed end of the duct. and then re-traverse the
duct in the opposite direction.

The conservation equations are written in the vector form.

au aF(u)
at + (ix G(U) .0 (44)

where vectors U, F(U), and G(U) are given by

U M (45a)

Ml

F(U) + . pA)(

02u dA'
G(U) f A L-: p (45€)

Eu (dA \

The quantities M, N, and E are defined as follows:

MP puA

N =pA

F Mp(e+ 1/2 u2 )

t =time

x = axial distance

p = density

e - internal energy per unit mass

p = pressure

- p(e,p)

= p e(y - 1). for a polytropic gas
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F* wall friction coeffictent
a 4rwl(ll2pul)

U - velocity

T' shear stress at duct wall

A - duct cross-stctional area

II - duct hvdraulic radius

Substitution of the vectors U, F(U), anti G(U) into Fquation 44 yields the equations for the conservation ti
mn5s,. mlomientumn, and €nenri'. The gas in the duct is considered to bI) inviscid (exce.pt at the duct w;1;1) and
thermally nonconducting. Pressure. density, anti internal energy arc related through the perfect gas equation
ofl state.

Because the tiow in the duct is time dependent. steady-state values of the wall friction coefficient, f,
can-ot properly he used. In the Fulerian code, the wall frictio"' co.ficient is computed from

f " SI(R")s 2  
(46)

whe•r. R. is the Reynolds number, based on duct equivalent diameter, and SI antd S2 are empirical constants.

The Iinite-Difference Equations

A two-step Integration technique, that of Lax anti Wendroff (Reference 2), is used to solve the
concr'at"..! equations, Equations 44 anti 45. Referring to the sketch below, all the properties at time step
n arc known. The propertie. at time step n+e and location j are to he computed.

n+3 .. . . .}

II.,2 ---- •--.,

I ~ j, n÷!1
net - -... )- ... . ..-- -"m

(J-1/2. nell2) 0 (j-1/2, n+l12)

n11=

at

j-0 ".1 j-2 0- '+1 j+2 j+3

Axial Distance Along Duct
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First, the properties at two intermediate steps (j-1/2, na1/2) and (j+1/2. n+ 1/2) are cumputed from-

J+ 12 i j+ 2(j+ - Fnt)
0""I + 0 i1)/ - g2+) (': rI

- "(.,. I;( Uj, - +r) . (47a)

j-/2 2

-'n p )r ,GJ) 
(47b)

where FI, G1. etc., denote F(Uj), G(Uj), etc., and g+, gj. g+, g- are pseudo-viscosity factors, defined in
Equation 49. With the properties at the two intermediate steps known, the properties at the new step

"(1, n+I) are computed from

Un"I . -U -- ,1/ /2

"+ -e- (aj+. - 0 - gj (0 -
2 Ax/''J (f 2• -(A), ,Un U

0 U j+ G ", - gI (48)

where g+ and g- arc pseudo-viscosity factors, defined in Equation 49. The pseudo-viscosity factors were
obtained following the generalized procedure of Reference 4. This procedure yielded the following

equations:

g;-oa, [(U j+,,I - J 112,,) " '] o Ct .,,,1/ (Uor.1/2- Cj+.,,2)

+ a 3 U)II12 'i1/ 2 + cjrl2) (49a)

9+ [ ~fa I Uj;12 + a 2 (2 Un1 2 -cj-1/j2,) + ai3 2 Uji.n+/Z+Cni. Mz)] (49b)

g = + + a2  + a 1  (490)

where K, j., -_ (3)

a2z = " c K 2 )l( SO b)
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and c acoustiu ir-k(ity.
Values of K1. K2 , and K3 of 2.0 have been empirically found to be of the proper magnitude. The

expressions for g, g•, and gz are obtained by replacing j Ly j-1 in Equations 49 and 50.
The stability requirement for selecting the time step is:

Ax (I
At - Ax51

Ru + c)

where F is a factor greater than unity. Numerical results have shown that too small a time step results in
oscillatory solutions. Thus, the value of F should be the smallest value (>1) that will yield a stable solution.
The optimum value for F was found to be 1.5. In the computer code, the time step At is recomputed for each
cycle, using the minimum value of lul + c of the preceding cycle.

The Boundry Conditions

The pressure at the entrance of the duct is specified as a function of time in the same manner as in
the Lagrange Code (Equation 10):

p(0,t) = p, + (p[0,0) - pa1 ce7 (52)

where p(O,t) = pressure at x = 0, t = t. The initial pressure at the duct entrance, p(O,0), is computed (as
*. the Lagrange Code, Equation 18) from:

p40,0) _ Pa + 0.969(p, _pa)0804 (53)

With p(O,t) known, the density p(Ot) is computed from the isentropic relationship

P( p0,0) a .... 0 1 /- (54)

where I is the ratio of specific heats, considered constant in this study.

The initial value of density p(0, 0) i,, computed from the Rankine-Hugoniot relationship

+I) p(- .) 4y - )

p40, 0) P 1S (55)
I1  pa

where p. is the ambient value of density. Internal energy e is computed from the equation of state (Equation
43). written in the form

0ot) 0 p(0, t) (S6)

P(27t)('7- 1)
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The initial velocity u(0.0) is computed from the moving normal shock relationship

U(OO0) a U" - 4 ,-). 7 (57)

where us, the velocity' of the normal shock wave. is computed from

PO,(0).) (j) + (y*

%%here c,, is the .inditent acoustic velocity. Because a rational basis for specifying u(o, t) a priori is not known
to *tc .authors. the expeulieicy (if setting u(0,t equal to u(Ax. t) %%a,; emiployed, %%here Ax is the numerical
ineremcn' of x uised in the numericalI solution of the conseration equations.

At the end oof the dutac. % - L; the rigid wall licundary condition can be imposed as u(L. t) - 0.
Within the framework of the numeric~al integration scheme, this was accomplished by means of a virtual station
beyvond the end (of the duct, located it 1. + Ax. By setting u(L+. x,t) equal to -u(L-Ax,t). the proper
IN oundarv co'ndlit ion ait x a L was obit aineud.

SNU~~I(:IAL RIFSVLTS

Lagrange Computer Codc

Th.: results from the L agrange computer code are presented in Reference 1 for the particular case of a
coustitnt irci uoct. A %unlnlrv of these results is reproduced in Figures 8 and 9, in which computed data are
cottipaired %%ith the shock tube experiniental dat~i of Reference ow. These comparisons show the degree of
.,ccurnicv (of the co mputer codle wthen ;t constant friction factor is used anid demonstrate the effect of wall
rII nct ion ion shitck I wise itten uati in.

Oiiptiteul results. which 1110uiulc the variabile area opt ion, are presented in F~igure 10(. Shock wave
pressujre ch.ingie through au duct cross-sectitonial ;irect increase is given for out let-tii-inlet-area ratios up to 10,I
I lie a.in~lyticaiI curve is conmparedl %% itli Stanfordl Research Institute shock tube experimental data 1161 and
with dm.i tari ml the 3flol-ton TNT bilast experiments iof EKVEKNT DIAL. PACK 15 1. The duet diameiter at the
inlet t4o the area chinge wais 2 inchecs in the SRI experiments and 24 inches in the D)IAL. PACK experiments.
The onimp~irust-n demonstrates the adlequacy of the computer code to predict shock strength change svith duct
area increase.

Pressure-versus-time waveforms are presented in Figure I11 for the L~agrange Code solution with it
ci liparisi in to results from the IFulerian Codle (discussed in a following sec.tion). The reflected wave at the
cli ied end of the duct is ilvo shown in the figure. [lie overpressure oif this reflected wave is approximately
10'%, bloebw the sAlue estimated liy Rankine-l lugoniot relationships. Studies have shown, howeter, that the
tincident %-.ivc ind reflected wave overpressures; at a rigid boundlary computed fora: shock waive of constant
strength by the Lagrange (:odc igrccs well with Rankine-IlIugoniot values; this implies a small reflected wave
inaccuracy fojr was es with rarefaiction bechind the shock.

The computed resuilts using the Lagringe Codle for the caise of a I -M~t nuclear surface wave are given in
Figure 12. The air etitraiinnilent %%-stemn is a typic~al configuration except for possible variations in the scale. The
location of the inlet swas selected as 1,5010 feet from the center of the nuclear burst. The required surface wave
parameters were iibt~iined from Reference 7. [he pressure and temperature values shoswn in the figure depict
the state of the air in the system at a time of 0P.01018 %'c(Intl after arrival of the nuclear wave at the inlet. The
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Figure 12. Typical computed result~s--Lagrange code, 0.0108 second after arriva! of shock

wave from 1-Mt nuclear explosion.

shock wave and cold-hot gas interface (contact surface) locations ar• shown as a line boundary. The computer
program, however, spreads ti-te shock wave over approximately five finite-difference grid mesh lengths, due to

•- the pseudo-viscosity technique' used, and spreads the contact surface also over approximately five mesh lengths.
The shocks are accurately located through utilization of the maximum value of the pseudo-viscosity parameter.

' and this is the location shown. The contact surface location shown is the location of the zone interface across
which the leading downstream temperature jump occurs and is the location were the total temperature jump
will occur (neglecting diffusion effects) in the actual case. Figure 12 is an example of the computef predictions
at a particular time and not the complete results of the computer output. For example, for this calculation the
time history of all parameters was available at several locations in the system. These time histories are not
shown because they would not add significantly in presenting a sample calculation. The computer code com-
plete output capabilities are explained in Appendix A.

When a reflected shock wave reaches the T-junction (Figure 1 2), the computer program terminates
computation because the T-junction programming will not allow reversal of the direction of the inlet or exit
velocities at this junction. This fact, however, does not seriously limit the capabilities of the computer code.
As examination of Table 4 shows, the area expansion ratio for the debris pit inlet has negligible effect on the
flow parameters in the inlet duct and in the duct to the blast valve. Therefore, any given problem can be
calcu.'ated in two steps as follows: step 1. calculate the inlet duct and debris pit flows t'sing the configuration
shown in Figure ib; step 2, calculate the blast valve duct flow by using the configuration shown in Figure 2
with the debris pit duct and debris pit replaced by a constant area duct. This constant area duct should be
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sufficiently long tO allow the reflected wave in the blast v,:ve duct to reach the r.juncrion prior to the time

when a reflected wave in the constant area duct would reach the T-junction. This allows sufficient completion
of the primary shock propagation problem in the blast valve duct. The debris pit solution (step I). however.
will le conservative since the pressure loss through the T-junction. which is approximately 21A, will not he
included. Neglected in the ab ,ce procedure is the interaction of primary and reflected shock waves, e.g.. the
effects of a reflected wave from the debris pit propagating into and down the blast valve duct. Computation
of shock wave interaction is not considered important since flow revcrsai will have taken place in all ducts
prior to any shock interactions for the configuration of concerti, and solution of the primary problem will

have been completed.

Table 4. Effect of Area Expansion Ratio of Dcbris Pit on
Inlet Duct Flow and Blast Valve D)uct IF+lowa

Interface
Parameters at ;;hock Parameters Parameters

Shock Exit to Inlet D)uct il Blast Valve Duct in Blast
r Propagation Valve Duct

Fxpansion .ii, -. ... . . . ..-. ..
Ratt u

(sec') u Up T p Tr x AT x
(cm/sec (cm0 c

(psia (1K) tpsia) (iK) Im (comu ('K) (cm)
x II,) 4 )

1.j) 4.(H01480 247 3.(193 8.27 82.6 546 5.05 480 2,964 317
5.11 0.00(8047 24' 3,693 8.44 81.3 553 4.98 458 2,956 3110

1(0.41 om.o$(842 25o 3.692 8.44 91.3 545 4.99 448 2,937 295
ti6. 0.00il89 234 3.664 8.75 8Mo.9 543 5.0i 480 2.747 319

Configuration of Figure 2 with I--Mt nuclear surface wave at 1,5oo0-foot radius.

h Number of computation cycles was 1.0141 for all cases.

Eulerian Computer Code Results

The .ulcrian Co;de results arc given for a constant area duet only. The variable area option for this
code is not :accurate and should not be used. For variable area problems the L.agrange Code is inore appro-
priate. Since the i agrange (:ode was in agreement with experimental data, the output of the Eulerian Code
,is compartd ., the Lagra nL'e Codie result% to verify the Eulerian Code accuracy. This comparison is
presenicd n IVigure I .. The line wv,iefifrm! for overpressures are given at four locations in a duct through
%shich in attenuating shock wave is propagating. The Eulerian solution agrec•s well with the Lagrange solution
except fur an o, crshou•t at the shock front. Ihis overshoot : characteristic of the I.ax-Wendroff finite-
difference scheme that is used 121. The shock front is steeper in the Eulerian solution, and the shock speed
is sirncwhat l'aister th:in in the I.agrange solution This difference in shock speed is attributed to the pressure
ovcrshloo! which affecis hock front attenuation due to rarefaction decay.

Studies cinccrned% with reflected shock waves at a rigid boutndary show the reflected wave to have the

characteristic overshoot. But the reflected pressure after the overshoot agrees with Rankine-Ilugoniot relation-

ship predictions.
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A description of the input and output parameters that are used in the Eulerian Code with information
on obtaining a (:ode listing is given in Appendix B.

CONCLUSIONS AND RECOMMENDATIONS

Both the L.:agran•ge computer code and the Fulerian computer code presented are shown to he
adequate for predicting shock wave propagation in a constan" area duct. For shock wave prediction in
a variable area duct the Lagrangi Code should be used. Both codes adequately predict shock wave reflec-
tion from a rigid boiundary and are suitable for either constant strength shock waves or shock waves with
a rarefaction region with exponential pressure decay behind th; shock front. For shock wave prediction
in an air entrainment system consisting of debris pit anid blast val, e ducts (Figure 2) the Lagrange com-
puter code should be uscd, in which Case the simulated surface wave can be of I 'it nuclear explosion
or TNT explosion origin.
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Appendix A

LAGRANGE COMPUTER CODE DESCRIPTION

INTRODUCTION

The Lagrange computer code is similar in basic structure to the WUNDY code reported in Reference 17,
which was based on the KO.CODE of the Univemity of California Radiation Laboratory 1181. The basic stru..
trre of the Lagrange Coxde and the input and output formats are debcribed below. The computer code listing
and card deck can be obtained by requesting a program tape from the Computer Center. Code 1.06. CEL. All
quantities in the code are given in cgs units except for printout of pressure which is given in psia.

CODE BASIC STRUCTURE

The computer code consists of a main control subroutine with sevetal auxiliary subroutines. A list of
these subroutines with a description of each function follows

Subroutine Function

MAIN Controls main logical flow and reads input data

BDY I Specifies motion of interface at duct inlet for low temperature wave

BDY 123 Specifies motion of interfaces at T-junction

BDY2 Specifies motion of interface at a duct exit

DATEXP Data source for duct inlet losses

EQST Controls equation of state subroutine acquisition

EQSI Equation of state for ideal gas (T < 1,0000 K)

EQS3 Equation of iatac for real air (T < 24.OOO°K)

GENR Initializes problem

GROM Calculates cros-sectional area and zone volume

IITEMP Calculates Z for EQS3

IIYDR Computes hydrodynamic motions

NUBDY Specifies motion of interface at duct inlet for I-Mt nuclear wave case

OUTI Prints normal output, pressure. etc., in each zone at fixed times

OUT2 Accumulates data on main shock front in each duct

OUT3 Accumulates pressure, etc., versus time at fixed positions

OUT4 Punches cards from which the problem can be continued

REZI Removes excessively compressed zones
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11ZNE1 Adds a zona at duct entrance for mast inflOw

REZENI Concroli ,ntranc •ene siai; at TjuvnCTfiO

REZEXI controls exit srin se at 1-junction

TIMLSF Caulaicis time step

CODE INPUT QUANTITIES AND FORMATS

The input data aymbols, including whe data card rmba' on which they appcur, skant the daal format

arc given in TablC A-L- The data appears on a paTniklar jard in the ordtr in which i i given. %A sample dJa

card listing i.s giver) in Ti'ble A-2 for a 1.500-toot rodius location from a t-ME nucicar burgs with on asi it•,in-

inoI gomectry Ps awn in Figure 12.

CODE OUTPUT VARIARLES ANJD FORtMATS

The output of this computer de consists of printout of The input d4a. correcrCO Inpu( dath OUTI

subroutine printout. OI1"2 subroutiuc printout, and OUTI Subouc ie Printout. The OUI'4 subroutivt punchCS

eards. To give a full output would be too lengthy- therefore, only a sample Output from printout of the itput

dma and OMTI at cy'cl 500 are given ;n T.ibi A-1 and A-4, razpecdtvty. Th, daca en Tables k.l2 through A.4

a.c tor thc problirm of PFi&; 12. Thc program was run 9u a CDC 6600 computer. and it roqviced a core seoragc

of 165,000 Ani a running lTime of I19 s€condls.

The normal output is provided by the OUTI subroutine, which prints out tbc velocity, displacenmtf,

and several state variables for each zone at desired times. The printout is controlled by the qULanlUy NPR Trhe

variabics printed out every NPR cycles of computation are gi'en in Tablt A-S.

An auxiliary output is providcd by the OUT3 subrouuic*, which prints out vnriablec at desired locations

in thc duct versu.s rime. The conrrol variable $(I,J) specifics the locasion at which ihc vuriablc3 givcn in 'table A-6
are printed out.

T~bl A-1. Input Quantities

Ctrd
Nunlr Format Symbol Definirton

i 7Ao ALIST(I) Problcm idcmification

2 7A10 ALIST(1) ProbmLm idcantificarion coolnuced

3 1215 NPROB Problem nurnbeT

IMAXL Total number of ducts, 1 or 5

INTAPE a 0, no data input from tap' 18

WCOD- 0, no etcrar input from cards

cottitued
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Tabl A-I. Contimned

Card
Number Format Symbol Definition

NQUIT Total number of cycles to run

NPR Print after every NPR cycle

NTAPE a 0, do not write tape IS

KOPT a 1, side.on type entrance

a 0. wave originates at duct entrance
4 1213 KOUT2 a O do not call OUT2 (usually 4 when

OUT2 is used)
KOUT2A Store data every KOUT2 cycles

KOUT2B Controls coupling between OUT2 and
OUT3 t usually zero

KOUT3A Store P-T data every KOUT3 cycles
KOUT4 Punch continuation cards at KOUT4

cycles

KREZI - 0. REZI not used

a 1, REZI used
5 1215 NC(I) Control varial);es, all zero except NC(6)

through and NC(7)
NC(12)

NC(6) a 1, print NC(6) times per decade in time

NC(7) a I. use special pseudk•oiscosity
6 1215 NC(! 3) Control variables, all zero except NC(17)

through
NC(24)

NC(17) = 1. print GRAMS instead of PDYN
7 7E10.4 EBI a 0, not now used

T = 0, start with time zero
DTMIN(2) - 0, use built-in time step
DTRATE = 0, use built-in time step change rate of

1.4
STABIL = 0. use built-in stability constant of 0.81
UCUT - 0, use built-in velocity cutoff value of

I x 10-2 cm/sec

continued
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"Table A-I. Continued

Card
Number Format Svmbol Definition

8 %-A 0.4 Al Surface wave constants
through
AS

9 71'10.4 RI Surface wave exponents
thnr)ugll
B17

10 7E 10.4 DIP Positive pressure phase duration

DIU Positive velocity phase duration

TS Shock arrival time

TB Time of maximum temperature
PS( Initial value, nuclear wave pressure

QS() Initial value, nuclear wave dynamic
pressure

7Fe0.4 TMIPS I Surface temperature constant

"I'MPS2 Surface temperature constant

FLAG = 1, use NUIBDY subroutine

= 0, usL l5DVI subroutine
12 71 10.4 TI.IS'( I) All zero, printing controlled by NPR

through
"rl.lIST(6)

13 515 I = I D)uct identification

NE(is' I) Number of equation of state in duct I

JCAl.C( ) Number of last interface currently being
calculated in duct I

NZONFS( I ) Tlotal number of zones in duct I
KOurI3( I) Store P-T data at KOUT3 locations in

duct I
14 HE Io.m (AM,.A AI( I ;amma used in duct I

oU'III)Y( 1) L.ength of duct I

FINIT(I1) Initial internal energy in duct I

UINIT'( 1) Initial velocity in duct I

I)INIT( 1) Initial density in duct I

continued
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Tabl A-I. Continued

Card
Number Format Symbol Definition

FRICTM( 1) Friction factor in duct I

CINQ(1) 2.0, pseudo-viscosity constant, duct I

AINQ( !) 0.2, pseudo-viscosity constant, duct I

Is 6E10.0 DOM) Diamcter for X(l,J) < Xl(I)

D(IM) Linear rate of change in diameter

D2(1) - 0, not used

D3(1) a 0, not used

X10() egin linear diameter change t X 1( 0)
duct I

X2(1 ) End linear diameter change at X2(1), duct 1

16 6E10.0 S011) Positions in duct I to collect P-T data

through by OUT3. zero if not used

S(1.6)

Note: Repeat cards 13 through 16 for I = 2, IMAXL

Last card Is NEXT - 1, read new set of data

0 I, stop. end of computation

Table A-2. Data Card Listing-Problem of Figure 12.

%U(Lf?• •o-qt * # .OCI. o %N'O.C. tL1A02 PTO
RCFL.* Ci#o 1/71

23 3 a At Seek id
In n t.' 9:,' I

o 0 1 0 * I
0 n ' g 1 0 0 +0 0 0 0

,. #Go0 . *0J. 1*0. . 00 0. .100 . 0o)
1. Id 3. 511 9.. -S11 '.2 t.6 a rI
7.1 '01' ,.l '01 1.3 #, A .9 *1P ,3.S .02 Z.147 *00 0. .00
I,7 '00 c 00 H. :12 7.1 01 &*.MY 0f? P. .014

#*e 03 :11*4 1: .,1ft

0. *0I ,.* *0o e. *,1a o . .00 0. .00 ',. .09

l 3 1 !' 7
no. .211 0..02 2.46 *qq 2. *4q 1.229 .o3 1.6 -02 2. -0f 2. -01

2, ", .•. 00 ..02 2.20, cO 2. .0 2 -0
.) *01 . •" 0 . -fie . *0*

3 3 0 30 1

:. . * O0 '0.: 6 . " 3 ?. .4 . . '0 0 1. 2 2 0 - 0 3 . 6 *0. 2 .00 
2 . -01-

(' 01 no *0. -1 *q ". 0 f) -or I.I *00?

, 06. 10 1 1C . : 0 0 :. .10 .10 0 . 0 3 0 0 1 . '@21

4.. .61 0. * 4 .021
0
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Tabile A-3. Printout of Input Data~ Problemi of Figure 12.

fsC wA 1 MITOAu .to3., %T &..pfs

It) 3 t, see So I I

01OUIJ 1hCUIPS, MOUTIP NCeV17 OWC69 l~iarI e9 *.SI'' CltOci

%ci ob 6p &CO %C6 I lo k m w lt %fl N M mce e I I 0 I Pi 1 ft

A, 3 0 1 1 09 01 6 6 0 i 0

rat V ?tt,'Te~te S?*IIL uCUT
0. 0.I t. ft. 0.

m3 a& 44 4* 017

1.9SS0over-s 2.144004coet 1.3010*9ft.02 I.59ilftIft62 3.5Seg*SI.@2 P.1910011000 0.

?postT""?FLARf
r.lsaosq(*ft 3.004500#e.44 1.004000C.00

0.5..5.f..

t was1? .iC&*.C 0301W1 sotJT

I I a 7

3 3 4 4 2

saw&[1 GIJUtOY CLFNT? UINI~T n1106? FOI Clko £100Q
1 .45flooe00( 0.1191foorV.Ct Ao~sFo . I.ZfloqF-03 1.60900E-02 2.000@@F.t@ 2.800009-01
1 .60400Ct.00 6.540okftol* P.SAOR1t~.ft It. 1 27900Ft.03 t.6"Ofitoefts 2.@006CoS-6 ?.""RfoneP-ol
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Table A-1. OUTI Subroutine Printout Variables

Printout Variable Description

IDT Duct with smallest time step

JDT Zone with smallest time step

PS Surface pressure

QS Surface dynamic pressure

TEMPS Surface temperature

ZS Surface compressibility factor
GAMMAS Surface value of gamma

tITS Surface value of total enthralpy

DS Surface density
ES Surface internal energy

I Number of duct
J Number of interface

X(IJ) Distance to interface

U(l.j) Velocity of interface

XAV(I.J) Distance to zone center

D(IJ) Density

E(I, ) Internal energy

PQ(I.J) P+Q
Q(I, J) Pseudo-viscosity

P(lJ) Pressure

GRAMS(IJ) Zone mass

TEMP(I,J) Temperature

DIA(I,J) Duct diameter

DTZJ(I,]) 'rime step in duct I at zone J

GAMMA(I,J) Adiabatic exponent gamma

Zj(lJ) Compressibility factor
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Table A-6. OUT3 Subroutine Printout Variables

Printout Variables Description

Duct number

s1 J) Positions P-T data collected
NCYChL Number of computation cycles

T Real problem time

PSI(IJ) Pressure, psia

OVP.%I(I,)) Overpressure, psi

PDYN(tJ) Dynamic pressure, psi

D~lJ) Density

U(I,J) Velocity of interface

TEMPUlJ) Temperature
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Appeadfi 5

EULERIAN COMPUTER CODL INPUT AND OUTPUT PARAMETERS

The input and output parameters are presented for the Eulerian computer code. A tape of the code
for listing and card punching is available upon request from the Computer Center, Code 1.06, CEL.

COMPUTER CODE INPUT PARAMETERS

The input parameters are listed in Table B-I1.

Table B-I. Eulerian Code Input Parameters

2 Definition

PO Ambient pressure, lb/in.2

TO Ambient temperature, OR

RO Ambient specific gas constant, ft/°F

GO Ambient specific heat ratio

R2 Iligh temperature specific gas constant, ft/°F

G;2 Iligh temperature specific heat ratio

Al(i), A2(i), A3(i), Constants in equation for duct radius in duct section i,
A4(6);i = 1,4 r(i) a Al(i) + A2(i)x + A3(i)x 2 + A46i)x3 ;all zero

except AI(M) for listing given in Appendix B.

XBO 1), XB(2), XB(3) Maximum x values in the 1st, 2nd, and 3rd sections of
the duct; all greater than XFIN for listing given in
Appendix B.

B 1, B2. B3, 84 Constants in the equation for overpressure transmitted
into the duct; p(O,0) = Pa + Bl(ps " Pa)B 2 ; (83 and B4
are not currently used)

XIN X value at duct entrance; use XIN = 0

XFIN X value at end of duct, ft

DELX Ax. finite-difference mesh size, ft

A Mach number of nuclear blast wave as it passes over
duct entrance

Ai.PIIA ti, time constant; p(O,t) = Pa + Ip(0,O) - paI e-thi

BETA Not used

SI, $2 Constants used in computing friction factor, f;
f SI(Re)S2

continued
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Table B-2. Continued

Symbol Definition

XXIY F, constant used in computing time increment;
At a Ax/F(U + C)

KI. K2, KJ Constants used in the computation of the pseudo-
viscosity factors, usually 2.0

ID = I, if duct is rectangle of unit width

a 2, if duct is circular

IY Not used

NEND Initializing parameter, set NEND - I

NTIME Maximum value of n, i.e., number of time steps to be
computed

IWRTTP Output is printed every IWRTI'Pth time step

IWRTXP Output is printed every IWPTXPth space step for every
IWRrTPth time step

NF - O, if friction factor, f, is zero

= 1. if friction factor. f, is computed from f - SI(Re)S 2

ITI. Number of time steps that must be computed before the
pseudo-viscosity factors take on their full value; for
n < lI"., the pseudo-viscosity factors are proportional
to n/ITI.

NWRT The maximum value of pressure at a given value of axial
distance; printed out every NWRTth space step

IWP Prop.-rties behind the nuclear blast wave; printed out
every iWPth time step

COMPUTER CODE OUTPUT PARAMETERS

The output parameters are listed in 'Fable B-2.

Table B-2. Eulerian Code Output Parameters

Symbol Definition

TIME Elapsed time from appearance of shock wave at duct
entrance, sec

X Axial distance, ft

continued
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Table i-,, Continued

SvInbll Definition

XII. Nondimensional axial distance, normalized with respect

to duct length

R11O Density, Ibm/ft 3

Y Duct radius of half-height, ft

Y/Y I Nondimensional duct radius or half-height, normalized
with respect to initial value

U Velocity, ft/sec

AREA Duct area, ft 2

AREA/AREAI Nondimensional duct area, normalized with respect to
initial value

MACII NO Mach number

P Pressure, lb/in.2

P/PO Nondimensional pressure, normalized with respect to
ambient value

RIIO/RIIO Nondimensional density, normalized with respect to
ambient value

T Temperature, 01:

T/TO) Nondimensional temperature, normalized with respect to
ambient value

I Number of space increment

X(I) Value of X at the Ith space increment, ft

X/D Nondimensional axial distance, normalized with respect to
initial duct diameter or height

P/PO Maximum value of nondimensional pressure at X(l),
normalized with respect to ambient value

P Maximum value of pressure at X(l), lb/in.2

48
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BASIC NOMENCLATURE

A Duct cross-sectional area

At-AS Constants, Lagrange Code

a Acceleration

11, -2 Pset lo-viscosity constants, Lagrange Code

b,-b 5  Constants, L.agrange Code

c Acoustic velocity

D Dact diameter

D; Duration of positive pressure phase, nuclear
wave

D+ Duration of positive velocity phase, nuclear
wave

e Specific internal energy

E Variable defined as p(e + 1/2u 2 )

F Stability constant, Eulerian Code

F(U) Function of vector U

f Friction factor

Pseudo-viscosity factor, Eulerian Code

g+Pseudo-viscosity factor, Eulerian Code

Pseud: viscosity factor, Eulerian Code

92 Pseudo-viscosity factor, Eulerian Code

g9 Pseudo-viscosity factor, Eulerian Code

91 Pseudo-viscosity factor, Eulerian Code

G(U) Function of vector U

h Specific enthalpy
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ht Total enthalpy per unit mass

H Duct hydraulic radius

KI, K2 , KS Pseudo-viscosity constant, Eulerian Code

L fuct length

m Lagrange variable, mass per zone

Am Mass change per zone. Lagrange Code

M. Shock wave Mach number

M Variable defined as p u A, Eulerian Code

N Variable defined as p A, Eulerian Code

p Pressure

p(x. ) Pre-aure at position x at time t

P Variable defined as p + q. I.agrange Code

q Pscudo-viscv.xity, Lagrange Code

Q ~Dynamic pressure

R Particular gas constant

R, Reynords number

S2 . S2 Friction factor constants, Eulerian Code

S Specific entropy

t Time

t, Shock arrival time

ti Initial slope time intercept

.t Time increment

u Particle velocity

u4 Shock wave velocity

U Variable vector, Eulerian Code
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V Volume per unit mass

x Distance along duct, Pulerian variable

A Distance increment

Z Compressibility factor for real gas

S,02. O j Pseudo-viscosity parameter, Eulerian Code

"7 Adiabatic exponent

Small quantity

/11 Defined as Vy - 1)/(7 + 1)

p Density

P•x t) Density at position x at time t

V Defined as (t - t,)lD\

rw Shear stress at wall of duct

W Defined as (t - t,)lD•

Subscripts

I Downstrcam of shock

2 Upstream of shock

a Ambient condition value

e Duct inlet value

J Net point !ocation

0 Initial value

9 Surface value

Superscripts

n Number of time increments
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